The long-term goal of this project is to improve our understanding of the role of the outflow layer in tropical cyclone intensity and structure change though dedicated field program design and execution, improved observation of outflow structure and state of the art instrument development. The outflow layer is hypothesized to play both an active and passive role in tropical cyclone intensification and structural changes, and is investigated extensively using two highly instrumented NASA Global Hawk Unmanned Aerial Vehicles (UAVs), co-located observations from NOAA WP-3D, NOAA G-IV and Air Force WC-130J manned aircraft together with microwave, infrared and visible satellite imagers, radiometers and scatterometers from the Hurricane and Severe Storms Sentinel (HS3) field program in the Atlantic during 2012-2014
APPROACH
Our approach is to design and execute a comprehensive field program that utilizes a new generation of high altitude observing platforms: the NASA Global Hawk AUV and high-altitude WB-57 manned aircraft-coupled with a new, cutting-edge mini-dropsonde observing technology for atmospheric vertical profiling from the stratosphere, across the upper-tropospheric outflow layer down to the lowertroposphere inflow layer.
WORK COMPLETED

Observations of tropical cyclone outflow layer
Analysis of vertical structure of outflow layer jets for Hurricanes Leslie and Nadine in 2012 and Invest 97L in 2013 has been conducted using NCAR-EOL/Vaisala mini-dropsondes deployed from NASA AV-6 Global Hawk AUV. Observations were based on carefully planned Global hawk flight patterns in 2012 and 2013 the crossed evolving upper level outflow jets and their roots in inner-core supercell convection. Synthesis of outflow layer jet structure relative to inner-core supercell convection has been accomplished including relevance to hypothesized evolution of outflow channels during TC genesis and intensity change.
Testing and evaluation of High Definition Sounding System (HDSS) and eXpendable Digital Dropsonde (XDD) system
Comparison of a new generation of dropsonde, the Yankee, Inc HDSS and XDD sonde was intercompared during CIRPAS Twin Otter test flights on 24-25 June, 2011 with NCAR-EOL/ Vaisala RD-94 conventional dropsonde and aircraft in-situ soundings. In addition surface sonde values were intercompared with NDBC data buoys offshore from Monterey and San Francisco. Follow-up sonde test deployments from a NASA DC-8 aircraft on 24 June offshore from Baja California and just to the east of TC Cosme in the eastern Pacific. These tests, while not intercompared with conventional sondes, showed a dramatic reduction in random noise and demonstrated the capability to receive profile data all the way to the surface from 42K ft as far as 200 km from the aircraft. An Additional XDD test deployments are planned for Oct, 2013 from the NASA WB-57 in the western Gulf of Mexico which are designed to be coincident with coastal radiosonde ascents.
Distribution of, and relation between, tropical cyclone cloud top height and temperature
In order to address the feasibility of observations over tropical cyclones using Global Hawk aircraft, the distribution of cloud top heights observed from CloudSat W-band radar observations and associated geostationary satellite cloud top infrared temperatures from Naval Research Laboratory archives has been determine and a relation established that is accurate to within a standard deviation of 1K ft.
RESULTS
Observations of tropical cyclone outflow layer
A field program flight strategy was successfully conceived and executed that has provided observations of the vertical structure of the TC outflow layer and its attendant outflow jets. The complete TC secondary circulation illustrated in Fig. 1 was not resolved in 2012 due to RFI issues on the Global Hawk aircraft. These issues were resolved to a satisfactory degree in 2013 resulting in simultaneous observations of outflow layer and inflow layer structure. In 2012, useable observations were confined to the TC outflow layer and focused on determination of structures along outflow jets as depicted in Fig. 2 . Observations of jet structure during complete TC lifecycle await future observations. However, outflow jet structures in the near-steady state mature life cycle phase for Category 1 hurricanes Leslie and Nadine were obtained for the first time ever. The outflow structures in Leslie and Nadine were very different as illustrated in Fig. 3 . Leslie, during her mature Cat 1 stage, was dominated by two diverging outflow jets similar to the Phase II schematic in Fig. 2 . Nadine however, exhibited a single strong outflow jet emanating from an inner core super cell during her Phase II mature stage. This structure was also observed from sonde observations during the genesis Phase I stage of Invest 97L in 2013 prior to slow development of Hurricane Gabrielle. The outflow structure for Leslie (Fig. 4 ) exhibited a prominent wind maximum just below the tropopause at the top of the cirrus cloud layer observed by the NASA Cloud Physics Lidar (CPL) with detailed fine structure as illustrated in Fig. 5 . The strong shear above the wind max together with strong stability results in Richardson numbers at and below the critical value of ¼. This observation is repeatable over all 6 sondes deployed along the axis of the Leslie equatorward outflow jet. From this we conclude that Kelvin-Helmholtz instability must exist in this region, acting as a powerful mixing mechanism in the exchange of upper tropospheric and stratospheric air parcels.
In addition, these profiles also exhibit multiple, rather thin (500 m) constant wind layers below the wind max and within the cirrus cloud layer. Based on the fine structure detail of the cloud elements imaged by the CPL in Fig 5, we tentatively conclude that evaporative cooling at the base of the cirrus cloud layer may lead to these structures suggesting a second mechanism for mixing across the base of the outflow layer. Impacts of these mixing phenomena remain to be tested in future model experiments. As mentioned above the outflow jet observed in Hurricane Nadine exhibited a very different morphology than the Leslie outflow jet. It emanate directly from an inner core supercell as illustrated in Fig. 6 with both dropsonds and upper level AMVs illustrating this feature. The dopsonde profiles through the outflow layer we however, very similar to those along the outflow jet in Leslie. In Nadine sonde profiles were available radially outward from the inner core within close proximity to the supercell. These profiles exhibited the same high shear above the outflow wind maximum and the multiple constant wind layers below the wind maximum. Since observations were available as a function of radius, these profiles illustrated details about the radial variation of the outflow layer. One may conclude from the six profiles indicated in Fig 6 and plotted in Fig 7 that the outflow layer thickness decreases radially outward as the outflow layer wind maximum increases, thus increasing the shear in the layer above the wind max and leading to super-critical Richardson numbers and K-H turbulence radially outward from the inner core. The Nadine profiles also show a significant secondary wind maximum just above the tropopause, the significance of which is unknown at present. Of note is that this structure is very similar to the primary and secondary wind maxima found in the air-sea boundary layer. In 2013 sonde antenna location was changed as well as the cabling for the dropsonde system which greatly reduced RFI effects to the point that most sondes functioned all the way to the surface, albeit with increase signal dropouts at low levels. However, as shown by Fig. 9 (left) both outflow structures and inflow structures are well resolved simultaneously, a large step forward in resolving the TC secondary circulation. At this stage of development, the outflow layer shown in more detail in Fig. 9 (right) is deeper with less fine structure than the Nadine and Leslie profiles. 
Testing and evaluation of High Definition Sounding System (HDSS) and eXpendable Digital Dropsonde (XDD) system
The first field test of a new generation of atmospheric profilers, the XDD dropsonde, was executed on June 24-25, 2011 in order to improve the capability of atmospheric profiling sondes in terms of low noise and multiple observations over short time periods. The new XDD sonde system has the capability for atmospheric profile measurements at least as accurate as the present widely used RD-94 unit and accompanying high resolution aircraft profiling as shown in Figs. 10-14. It is shown that the new XDD sonde is a low noise unit, suggesting it may set a new standard in profiling precision, with speed random noise on the order of one-half meter per second, wind direction noise on the order of 6 degrees, temperature noise on the order of one-quarter degree Celsius and relative humidity noise on the order of half a percent. The histograms and probability plots in Fig 14 show that the noise is lognormally distributed and a factor of two lower than differences amongst the sonde mean profiles. This is found to be superior to the current RD-94 dropsonde unit. Further improvements in the XDD were further demonstrated during a recent test of 7 XDD units deployed from a NASA DC-8 at altitude of 42K ft, which showed further reduction in random noise for all parameters and further illustrated the capability to transmit usable data from over 200 km away. Both the XDD and RD-94 sondes showed they were able to provide repeatable profile observations to within about the same accuracy as the white noise, with difference due mainly to real meteorological fluctuations in the variables. Comparison of the mean XDD profiles with the RD-94 and Twin Otter spiral descent observations showed that the XDD's were warmer by about 1C and drier by about 5% than the RD-94 and Twin Otter values. The twin Otter winds had to be heavily filtered due to oscillation associated with continuous heading changes during descent. However, the XDD and RD-94 winds were virtually identical during even small scale fluctuations in the vertical. The mean TO winds were also in good agreement although small scale fluctuations could not be resolved due to the required heavy filtering.
This experiment demonstrated promise for some new capabilities. In two of the XDD sondes, it was shown that the mini-radiometer had the capability for measuring skin SST to within 0.5C of in-situ moored buoy bulk SST at 1-m depth. Although by no means a conclusive sample, these initial results indicate promise for this new sensor. In addition, two other sondes were able to float on the surface for some tens of seconds and report air temperature observations that approached the mini-radiometer SST values. This two is a promising development in that proper design may allow for both radiometric SST values and in-situ values of SST to be observed.
Although the results of this intercomparison indicate a promising future for the XDD sonde design, it must be kept in mind that the conclusions above are based on a very small data sample: 10 XDD sondes, 14 RD-94 sondes and two aircraft spiral descents. It is anticipated that further testing can be accomplished in the near future to further substantiate our conclusions.
3.
Distribution of, and relation between, tropical cyclone cloud top height and temperature In order to deploy dropsondes as discussed above, either XDD or RD94, assurances must be obtained that the aircraft can in fact fly safely over the tops of tropical cyclones. For safety reasons, NASA presently requires their GH aircraft to maintain minimum separation between cloud tops and aircraft of 5K ft. Given that AV-6 has a maximum altitude capability of 62K ft and AV-1 of 58K ft, the question must be asked whether or not a majority of TC's can in fact be successfully overflown by either GH aircraft.
In order to address this issue a data set of 9 years of CloudSat W-band radar derived observations of maximum cloud top height over tropical cyclones was examined in detail. This data set was matched with the TC infrared cloud top temperature image archive maintained at the Naval Research Laboratory. 62 western Pacific TC cases of Cloudsat overpasses over the TC eyewall or TC principal rainband were examined. Image intercomparisons similar to that shown in Fig. 15 were utilized to establish histograms of cloud top height and of cloud top temperature. Statistical probability plots derived from these histograms are shown in Fig. 16 . These diagrams show that cloud top heights over rainbands tend to have a flatter distribution than those over TC eyewalls. The means are similar at about 51K ft. However the 95% confidence levels range from 54K ft over TC bands to 57K ft over TC eyewalls.
A simple quadratic relationship between cloud top temperature available hourly via geostationary infrared sensors and cloud top height from CloudSat was derived, i.e. Fig 17 (left) , that shows a welldefined relationship. Fig 17 (right) shows that this relation is accurate to within a standard deviation of ±1K ft, or 95% confidence limit of ±3 K ft. 
RELATED PROJECTS
This project provides valuable observational input to COAMPS-TC project N0001412WX20683 entitled: Improvement of High-Resolution Tropical Cyclone Structure and Intensity Forecasts using COAMPS-TC and to satellite studies project 75-4838-0-3-5, entitled Defense Weather Satellite followon Analysis of Alternatives (AoA), sponsored by the U. S. Air Force.
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